A total of 77 strains of genetically different fluorescent Pseudomonas strains were isolated from an agricultural soil. In pure culture growth experiments the strains were screened for their ability to grow in various concentrations of the sulfonylurea herbicides metsulfuron methyl, chlorsulfuron and thifensulfuron methyl. We found that the presence of the herbicides resulted in a reduction of the growth of the fluorescent pseudomonads. Metsulfuron methyl was shown to be toxic to a major proportion of the strains in low concentrations. Chlorsulfuron was found to be less toxic in low concentrations but toxic in high concentrations. Thifensulfuron methyl was toxic only to a minority of the strains. Indirectly, the growth-reducing effect of the sulfonylurea herbicides was shown to be caused by an inhibition of the enzyme acetolactate synthase. The enzyme is involved in the synthesis of the branched amino acids valine, leucine and isoleucine, and we demonstrated that the toxic effects of the sulfonylurea herbicides could be neutralized when the strains were grown in the presence of an excess amount of the three amino acids. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
The sulfonylurea herbicides are a class of widely used herbicides, and they are expected to get a larger share of the market in the future. The sulfonylurea herbicides have low application rates compared to traditional herbicides, are e¡ective on a wide spectrum of weeds and have low toxicity to humans and animals. The sulfonylurea herbicides exert toxic activity by interfering with the enzyme acetolactate synthase (ALS), which is speci¢c for plants and microorganisms [1] . The enzyme is involved in the synthesis of the branched amino acids leucine, valine and isoleucine [2] .
The sulfonylurea herbicides have been developed from the triazine herbicides and have the triazine structure in common with other triazine herbicides, e.g. atrazine [1] which has been used widely in corn and spruce plantations.
The pseudomonads are a group of bacteria known to play important ecological roles in the soil habitat [3] . Among the roles of the £uorescent pseudomonads of commercial interest are their ability to act as antagonists against plant pathogens because of their production of siderophores and antibiotics [4, 5] .
An unintended consequence of the application of the herbicides could be the in£uence on the microbial ecological balance of the soil, leading to a signi¢cant change of the quality of the population. This could end up a¡ecting the productivity of crops negatively.
In assessing the in£uence of chemicals on the indigenous population of £uorescent pseudomonads the isolation of identical clones would lead to tedious repetition of the toxicological tests. An easy grouping of culturable soil bacteria can be done using repetitive extragenic palindromic polymerase chain reaction (REP-PCR) [6] . The genome of bacteria consists of about 1% of conserved palindromic sequences at about 35 bp in transcribed but not translated areas of the genome [7] . By using these sequences in a PCR reaction the DNA between the palindromes will become ampli¢ed. The DNA can be separated by gel electrophoresis and create a strain speci¢c pattern [8] .
In this study we isolated 77 strains belonging to the group of £uorescent pseudomonads from an agricultural soil. The e¡ect of the sulfonylurea herbicides metsulfuron methyl, chlorsulfuron and thifensulfuron methyl on the growth of the £uorescent pseudomonads was studied in pure culture growth experiments. The e¡ect of the sulfonylurea herbicides was studied further in a medium consisting of the amino acids of which the synthesis is shown to be blocked in plants by the sulfonylurea herbicides [2] .
Materials and methods

Isolation of bacteria and culture conditions
The £uorescent pseudomonads used in this experiment were isolated from an agricultural soil located at Drengsted, Denmark as described previously [6] on Gould S1 agar [9] , a medium selective for £uo-rescent pseudomonads.
By the API 20 NE test system (BioMe èrieux SA, Marcy L'Etoile, France) it was veri¢ed that the isolated strains belonged to the group of £uorescent pseudomonads. The manufacturer's instructions were followed.
In the following experiments, single colonies of the strains were obtained from the frozen culture by streaking on Luria-Bertani agar supplemented with 0.1% (w/v) glucose. Unless otherwise stated, the cultures were incubated at 25³C.
Toxicity tests on the isolated strains
Metsulfuron methyl, chlorsulfuron methyl (Riedelde-Hae ën, Seelze, Germany) and thifensulfuron methyl (Dupont, Nambsheim, France) were dissolved in acetonitrile to ¢nal concentrations of 4 mg ml 3I . From these stock solutions, the herbicides were transferred to MicroWell plates (Nunc, Naperville, IL, USA), leading to concentrations of 0, 5, 50 or 300 ppm (0, 13.11 WM, 131.11 WM or 0.79 mM respectively) in 300 Wl bacterial isolate suspension with OD THH = 0.15 in Davis minimal medium. The tests were run in triplicate. The acetonitrile was allowed to evaporate before inoculation with the bacterial isolate suspension. Cell growth was measured spectrophotometrically (600.0 nm) by a microplate reader (Microplate bio-kinetics reader EL 312e, Bio-Tek Instruments).
Neutralization of the toxic e¡ect of metsulfuron methyl by the addition of valine, leucine and isoleucine
Strains of the £uorescent pseudomonads belonging to di¡erent REP-PCR groups (see below) were investigated for their ability to compensate for the reduced production of valine, leucine and isoleucine by assimilation of the amino acids from the medium.
The amino acids valine, leucine and isoleucine were added to a ¢nal concentration of 1 mM each to MicroWell plates containing metsulfuron methyl and bacterial isolate suspensions as described in Section 2.2. The e¡ect of the addition of the three amino acids on the cell growth was measured spectrophotometrically as described in Section 2.2. The tests were run in triplicate.
Characterization by repetitive extragenic palindromic polymerase chain reaction
REP-PCR [10] was used to verify that the isolated strains of £uorescent pseudomonads were genetically di¡erent. Template DNA was prepared, PCR reaction performed and fragments visualized as described previously [6] .
Analysis of REP-PCR results
The photographs of the gels were scanned into the program CREAM 1.0A (for Windows. Kem-En-Tec A/S, Copenhagen, Denmark). The program calculated the size of the ampli¢ed sequences and the results were veri¢ed manually. A binary matrix was created in which 1 is the presence of the PCR product and 0 is the absence of the PCR product. NTSYSpc 1.80 (Applied Biostatistics Inc., Setauket, NY) was used to calculate simple matching qualitative coe¤cients and afterwards to create a dendrogram (complete clustering) in accordance with the similarity of the di¡erent strains of REP-PCR products [11, 12] . Dendrograms with single and unweighted pair-group method with arithmetic averages (UPGMA) clustering were calculated using NTSYSpc 1.80 to evaluate dissimilarities between cluster methods [13] .
Results
Toxicity tests on the isolated strains
In a random and diverse group of soil bacteria, 77 strains belonging to the group of £uorescent pseudomonads were tested for their ability to grow in increasing concentrations of the sulfonylurea herbicides metsulfuron methyl, chlorsulfuron and thifensulfuron methyl.
The e¡ect of the sulfonylurea herbicide metsulfuron methyl on the growth of one of the isolated strains designated TBD7 is shown in Fig. 1 . The ¢gure shows that the presence of 50 and 300 ppm metsulfuron methyl reduced the growth of strain TBD7, whereas the growth was not reduced in the presence of 5 ppm. The strain was not a¡ected by 300 ppm chlorsulfuron or thifensulfuron methyl. The results of the toxicity tests revealed di¡erences in sensitivity among the strains and di¡erences in toxicity of the sulfonylurea herbicides. This is outlined in Fig. 2 . Metsulfuron methyl had a reducing e¡ect on the growth of 76 out of the 77 isolated strains of £uorescent pseudomonads. The growth of 15 strains was a¡ected by metsulfuron methyl at a concentration of 5 ppm (19.5%). Further, 48 strains were a¡ected by a concentration of 50 ppm (62.3%).
Thifensulfuron methyl was shown to be toxic to only a minor proportion of the strains. Seven strains were shown to be a¡ected by thifensulfuron methyl at concentrations up to 300 ppm (10%). Of these seven strains, three were a¡ected by 50 ppm, and one strain was a¡ected by 5 ppm thifensulfuron methyl.
Chlorsulfuron was shown to a¡ect the growth of the strains only in high concentrations. Altogether, 54 strains showed reduced growth in the presence of up to 300 ppm chlorsulfuron. Three strains were affected by 5 ppm, and 11 strains were a¡ected by 50 ppm chlorsulfuron.
No correlation was found between the strain and its general sensitivity or tolerance towards all three herbicides. The dendrogram revealed that the e¡ect of the sulfonylurea herbicides was not restricted to a particular REP-PCR group of the £uorescent pseudomonads, in that the sensitivity towards the three herbicides was not dependent on the strains' placement in the di¡erent clusters (data not shown).
Neutralization of the toxic e¡ect of metsulfuron methyl by the addition of valine, leucine and isoleucine
Four randomly chosen strains belonging to di¡er-ent REP-PCR groups, which had been shown to be a¡ected by the presence of metsulfuron methyl, were grown in the presence of both metsulfuron methyl and the amino acids leucine, valine and isoleucine. For all of the four strains we showed that the metsulfuron methyl mediated reduction in growth was neutralized by the further addition of valine, leucine and isoleucine. The neutralization of the toxic e¡ect of metsulfuron methyl for strain TBD7 is shown in Fig. 3. Fig. 3 shows that the expected growth reduc- ing e¡ect (Fig. 1) was neutralized by the further addition of valine, leucine and isoleucine. In the presence of both herbicide and amino acids the growth did not depend on the concentration of the herbicide.
Discussion
We showed that the presence of the sulfonylurea herbicides metsulfuron methyl, chlorsulfuron and thifensulfuron methyl had a growth reducing e¡ect on a number of strains belonging to the group of £uorescent pseudomonads. Metsulfuron methyl was generally shown to be toxic to most of the strains at low concentrations, whereas an e¡ect of chlorsulfuron was seen generally at higher concentrations only. Thifensulfuron methyl was generally toxic only to a minority of the strains. It was found that the sensitivity to inhibition of the herbicides varied greatly among strains. Previously, it has been shown that sulfonylurea herbicides can have a toxic e¡ect on microorganisms [14, 15] . Chlorsulfuron has been reported to be toxic in concentrations ranging from 3 WM [16] to 2.8 mM [14] to di¡erent microorganisms. The results of Forlani et al. [15] show that di¡erent strains of pseudomonads had di¡erent tolerances to chlorsulfuron. Burnet and Hodgson [14] showed a di¡erence in toxicity of the sulfonylurea herbicides sulfometuron methyl and chlorsulfuron in that sulfometuron methyl reduced the growth of a larger number of strains than did chlorsulfuron.
The di¡erence in strain sensitivity and herbicide toxicology might be due to di¡erent genetic and physiological strategies of the bacteria. The bacteria might contain genes encoding di¡erent isoenzymes of ALS [14, 16] . Furthermore, the physical interactions between enzyme and herbicide might be di¡erent. Results of Burnet and Hodgson [14] indicate that the membrane acts as a barrier in keeping the sulfonylurea herbicides out of the cell. The authors found that although chlorsulfuron and sulfometuron methyl often a¡ected the growth of the bacteria di¡er-ently, their e¡ects on ALS activity of toluenized cells were similar. The greater toxicity of sulfometuron methyl might be due to a greater hydrophobicity, and thereby greater permeability, of this herbicide than of chlorsulfuron [1] . Furthermore, Forlani et al. [15] found a discrepancy between the in vivo tolerance of the cell and a high sensitivity of the enzyme in that the addition of a detergent increased the toxicity of some sulfonylurea herbicides.
The e¡ects of sulfonylurea herbicides on microorganisms and their activity in soil habitats have been elucidated in several investigations. In general, the observed e¡ects have been minor and temporary. The e¡ects on nitri¢cation and dehydrogenase activity are often reported to be small or absent with a stimulation shortly afterwards [16] . Ismail et al. [17] found that the microbiological populations decreased and later increased. This observed stimulation of the enzymatic activity and the increase in the populations might be due to an increased supply of nutrients in the form of weeds and microorganisms killed by the herbicide. The quick recovery of the enzymatic activities after the application of the herbicides is not necessarily due to the activity of the indigenous soil bacteria normally active. Forlani et al. [15] showed that the application of a sulfonylurea herbicide changed the composition and colonization of introduced strains to the rhizosphere. Repeated applications of these herbicides could result in a change in the microbiological structure, leading to a change in the quality of the soil if the a¡ected bacteria are bene¢cial to plant growth. Rovira and McDonald [18] showed that application of chlorsulfuron increased root damage in wheat and barley by Rhizoctonia solani. This could be the result of the ousting of antagonistic microorganisms. We showed that the e¡ect of the sulfonylurea herbicides was not restricted to a particular biovar or REP-PCR group of the £uorescent pseudomonads but was rather a broad e¡ect.
We showed indirectly that the reduction in growth as a result of the presence of the herbicides was due to the inhibition of the enzyme ALS. This is because the addition of the amino acids the synthesis of which is blocked was shown to neutralize the growth reducing e¡ect. We showed that the microbiological growth inhibiting e¡ect of sulfonylurea herbicides was a simple inhibition of the enzyme ALS. The further addition of the amino acids valine, leucine and isoleucine was shown not to neutralize the herbicides' toxic e¡ect on plant cells [19] , indicating a more complex toxic e¡ect of the sulfonylurea herbicides in plants than in bacteria.
